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II. Synthesis of Lignin Model Compounds
General procedure for preparation of 2-aryloxy-1-phenylethanols (7c-7e): These substrates were synthesized in two-step from the corresponding phenol and 2-bromoacetophenone according to literature procedure. 1 2-Bromoacetophenone (5 mmol, 0.990 g) was added to a stirred solution of K 2 CO 3 (7.5 mmol, 1.036 g) and guaiacol (6.25 mmol, 0.776 g) in acetone (50 mL). The reaction mixture was stirred at reflux temperature for 5 h, after which it was filtered off and concentrated under vacuum. The residue was purified by column chromatography with hexane : ethyl acetate (3:1). The resulting compound (3.5 mmol, 0.847 g) was dissolved in the mixture of THF : H 2 O (5:1) (25 mL), and sodium borohydride (7 mmol, 0.26 g) was added portionwise to maintain a gentle evolution of gas. Then, the mixture was stirred for 6 h at room temperature. The reaction mixture was quenched with saturated aqueous NH 4 Cl (50 mL) and diluted with 30 mL water. The aqueous portion was extracted with ethyl acetate (3 × 30). The organic parts were combined, dried over MgSO 4 , filtered and concentrated under vacuum. The residue was purified by column chromatography with hexane : ethyl acetate (2:1). 
2-(2-Methoxyphenyl

III. Catalyst Screening Conditions and Optimization Data.
1-Oxidation with traditional chemical oxidants:
The results of using classical stoichiometric oxidants for oxidation of lignin model compound 1 are summarized in Figure S1 . All reactions were carried out with 0.05 mmol of the diol 1 (16.7 mg), and the crude reaction products were analyzed by 1 H NMR spectroscopy following work-up of the reaction mixture. The reactions were carried out and worked up as described below: CrO 3 /H 2 SO 4 : To a stirred solution of diol 1 in 1 mL acetone, a mixture of concentrated sulfuric acid (0.37 mmol, 36.8 mg) and CrO 3 (0.1 mmol, 10 mg) in 0.5 mL water was slowly added at 0 ˚C. The mixture was stirred at this temperature for an additional 3 h, and 5 h at room temperature. The reaction was quenched by the addition of excess 2-propanol, and neutralized by the addition of saturated aqueous solution of NaHCO 3 . The resulting mixture was extracted with ethyl acetate (3×10 mL), washed with brine, dried over MgSO 4 , and evaporated under vacuum, and the resulting crude reaction products were analyzed by NMR spectroscopy.
[pyH] + [CrO 3 Cl] -(PCC): A 10 mL oven dried flask was charged with diol 1 (0.05 mmol), PCC (0.075 mmol, 16.2 mg), NaOAc (0.025 mmol, 2 mg), and 2 g of activated molecular sieves (4 Å). The flask was sealed with a septum and evacuated and filled with nitrogen two times. Two mL dry CH 2 Cl 2 was injected through the septum. The mixture was stirred at room temperature for 8 h under an inert atmosphere. Then, the solid was suspended in the reaction and the chromium species were removed by filtration through a silica gel pad, and the pad was washed with ethyl acetate. Finally, the collected organic solvent was concentrated under vacuum, and the resulting crude reaction products were analyzed by NMR spectroscopy. DMSO/P 2 O 5 : To a stirred solution of diol 1 in 2 mL CH 2 Cl 2 at 0 ˚C, dry DMSO (0.1 mmol, 7.1 µL) and P 2 O 5 (0.09 mmol, 25.6 mg) were added sequentially. The reaction mixture was kept at this temperature for 2 h under inert atmosphere. Then, the reaction mixture was stirred for an additional 2 h at room temperature and again was cooled over an ice bath. Then, Et 3 N (0.175 mmol, 17.8 mg) was slowly added. After 30 min, the reaction mixture was neutralized by aqueous HCl solution (10%). Organic phase was extracted by CH 2 Cl 2 (3×10 mL), washed with brine, dried over MgSO 4 , and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy. DMSO/(COCl) 2 : To a stirred solution of (COCl) 2 (0.11 mmol, 13.97 mg, 9.45 µL) in 1 mL of dry CH 2 Cl 2 at -60 ˚C under an inert atmosphere, dry DMSO (0.165 mmol, 12.88 mg, 11.77 µL) was slowly added. The mixture was stirred for 15 min, and then a solution of diol 1 (0.05 mmol) in 1 mL CH 2 Cl 2 was slowly added to this cold solution of activated DMSO. After 2 h, Et 3 N (0.28 mmol, 28.33 mg, 39 µL) was added. The reaction mixture was stirred 1 h at this temperature and then it was left to reach room temperature. The reaction was quenched by saturated NH 4 Cl solution. Organic phase was extracted by ethyl acetate (3×10 mL), washed with brine, dried over MgSO 4 , and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy.
Dess-Martin Periodinane (DMP):
To a stirred solution of diol 1 in 1 mL dry CH 2 Cl 2 , pyridine (0.5 mmol, 39.55 mg) and solid DMP (0.055 mmol, 23.32 mg) was added. The reaction mixture was stirred for 6 h at room temperature under inert atmosphere. The reaction was quenched with aqueous Na 2 SO 3 and saturated NaHCO 3 . The organic phase extracted with ethyl acetate (3×10 mL), washed with brine, dried over MgSO 4 , and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy. to a 0.25 M solution of diol 1 in 2 mL MeOH:water (9:1) buffered with NaHCO 3 (1mmol, 84 mg). The reaction mixture was stirred at room temperature for 7 h. Solid sodium thiosulfate was added to quench excess bromine, and dilution with water was followed by extraction with ethyl acetate (3×10 mL). Combined organic layers were dried over MgSO 4 , and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy.
O-I-C
[AcNH-TEMPO] + BF 4 -: Corresponding oxoammonium salt was prepared according to a literature procedure. 7 To a solution of diol 1 in wet acetonitrile (10% water), 4-Acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium tetrafluoroborate (0.1 mmol, 29.9 mg) was added. The reaction mixture was stirred at room temperature. After 24 h, the reaction mixture was diluted by ethyl acetate and water. The organic phase extracted with ethyl acetate (3×10 mL), washed with brine, dried over MgSO 4 , and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy. TEMPO/bleach: To a stirred solution of diol 1 in 2 mL of CH 2 Cl 2 and TEMPO (0.001 mmol, 0.186 mg), an aqueous solution of KBr (0.005 mmol, 0.6 mg in 0.5 mL water) was added and the reaction mixture was vigorously stirred over an ice bath at 0 ˚C. Then a fresh aqueous solution of NaOCl (1.5 equivalent) by adjusting pH at 9 with saturated NaHCO 3 and 2 M NaOH (1.5 mL) was slowly added. After 8 h at this temperature, the organic phase was separated and the aqueous phase was washed with CH 2 Cl 2 . The collected organic phases were washed with a sodium thiosulfate aqueous solution and brine. Combined organic layers were dried over MgSO 4 , and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy. Bleach/AcOH: A solution of diol 1 in acetic acid (1 mL) was cooled using an ice bath. Then, an aqueous solution of NaOCl (approx 2 equiv, from a 5-6% commercial solution) was slowly added. After 8 h stirring at this temperature, a saturated NaHCO 3 aqueous solution was added and the resulting mixture was extracted with ethyl acetate (3×10 mL). The combined organic layers were dried over MgSO 4 and concentrated under the vacuum. The resulting crude reaction products were analyzed by NMR spectroscopy. Table S1 . The catalytic oxidation of model compound 1 with copper(I) and copper(II) salts with X-TEMPO (X = H, OMe) (entries 1-8) in acetonitrile resulted in the formation of products derived from secondary benzylic and primary aliphatic alcohol oxidation. Using copper salts resulted in the formation of an unidentified compound E. Yield of the unidentified compound was calculated based on two different peaks with chemical shift at δ = 5.77 and 6.62 ppm and equal integration. These peaks are believed to correspond to a cinnamyl alcohol derivative derived from C-O cleavage and dehydration of the benzylic alcohol. Attempts to perform the aerobic oxidation of 1 with Pd(OAc) 2 in DMSO 8 (entry 9) led to 44% conversion and high selectivity in 15 h. Conducting the reaction in a mixture of DMSO and water (entry 10), utilizing 2,9-dimethyl-1,10-phenanthroline as a ligand for Pd(OAc) 2 , 9 led to 87% conversion with high selectivity. Moreover, full conversion of this substrate was achieved with approx. 40:1 selectivity, favoring 2˚ benzylic alcohol oxidation, using iron(III) nitrate, TEMPO and NaCl in 1,2-dichloroethane. 10 Iron(III) nitrate and salen (entry 12) was not efficient for this transformation. Applying ruthenium tris(triphenylphosphine) dichloride and TEMPO (entry 14) as a catalyst system in chlorobenzene afforded low reactivity and selectivity. Table S1 . Products derived from metal-catalyzed aerobic oxidation of model compound 1. a all reactions have been done at 60 °C and 1 atm O2 in 1.1 mL of solvent. b conversion and yields were determined by 1 H NMR spectroscopy versus mesitylene as internal standard (relaxation time = 25 s).
b) Metal-free aerobic oxidation of model compound by nitroxyl radicals and a nitrate source:
The results of using aerobic metal-free conditions for oxidation of lignin model compound 1 are summarized in Table S2 . Previous literature reports 11 were used as a starting point for these screening experiments. Next, we tested a number of nitrite and nitrate sources in different solvents under aerobic conditions (Table S2) . As shown, acetic acid is not a suitable solvent for this transformation (entries 2-6). The oxidation of 1 in different organic solvents with substituted TEMPO and nitrate source shows that acetonitrile/water (19:1) is the best solvent for this catalyst system. Employing HNO 3 /HBr instead off HNO 3 /HCl (Table S2 , entries 11 and 12) shows higher reactivity, but lower selectivity. Also, AZADO slightly shows lower reactivity and selectivity from AcNH-TEMPO. Finally, it was found using 5 mol% of AcNH-TEMPO, 10 mol% HNO 3 and 10 mol% HCl in mixture of MeCN/H 2 O (19:1) in the presence of 1 atm oxygen at 45 ˚C gave 95% yield of desired product without any trace of byproduct. 
IV. General procedure for oxidation of lignin model compounds (7a-i):
To a 25 mL high pressure tube with a stir bar was added the lignin model compound (1 mmol) and 5 mol % of 4-acetamido-TEMPO (0.05 mmol, 10.6 mg). The tube was sealed, evacuated and filled to 1.1 atm with oxygen gas. Then, 9.4 µL of nitric acid (67%) (0.1 mmol, 6.3 mg) in 1 mL acetonitrile and 9.9 µL of hydrochloric acid (37%) (0.1 mmol, 3.65 mg) in 1 mL of acetonitrile were injected through the septum. An additional 3 mL of acetonitrile and 260 µL of water were injected. The reaction mixture was stirred for 24 h at 45 ˚C. The solvent was evaporated and the residue was subjected to column chromatography to obtain the corresponding carbonyl compound. 
3,4-
Oxidation of 3,4-dimethoxybenzyl alcohol (7a) and dimer model compound (1) on 10 g and 5 g scale:
To a 1 L round-bottom, three-necked flask equipped with a stir bar was added veratryl alcohol (59.4 mmol, 10 g) or dimeric model compound 1 (15 mmol, 5.1 g), 5 mol % of 4-acetamido-TEMPO, 200 mL acetonitrile and 6 mL water. The flask was equipped with a condenser and sealed with rubber septum. Oxygen gas was bubbled through the solution for ca. 10 min. Then, 10 mol% of nitric acid (67%) and 10 mol% of hydrochloric acid (37%) were injected through the septum. In addition, four balloons of oxygen attached to a syringe needle were attached to the top of septa. The reaction mixture was stirred at 45 ˚C and monitored by TLC. These reactions took 3 h and 9 h for 7a and 1, respectively. The solvent was evaporated and the residue was washed with aqueous solution of NaHCO 3 (10 %) and was extracted with ethyl acetate. The organic layers were combined, dried over MgSO 4 , filtered and concentrated under vacuum. The residue was subjected to column chromatography to obtain the corresponding carbonyl compound in 94% and 96% isolated yield of 8a and 3, respectively.
CAUTION:
The combination of pure oxygen gas and organic solvents is highly flammable. Considerable precaution should be take for reactions on this scale, with appropriate blast shields in place and avoidance of any other flammable materials in the vicinity of the reactions.
Oxidation of authentic Aspen lignin sample by HNO 3 /HCl/AA-TEMPO: To a 10 mL high pressure tube with a stir bar was added 20 mg of the lignin sample and 1 mg of 4-acetamido-TEMPO. The tube was sealed, evacuated and filled with oxygen gas to 1.2 atm (repeated 3 times). Then, 1.5 µL of nitric acid (67 %) in 1 mL acetonitrile and 1 µL of hydrochloric acid (37%; dissoved in 1 mL of acetonitrile) were injected individually through the septum. Finally, 2 mL of acetonitrile and 200 µL of water were injected. The reaction mixture was stirred for 24 h at 65 ˚C. Then, the mixture was cooled. Solvent was evaporated and the residue was washed with chloroform and hexane to remove soluble organic material, affording 16.2 mg of light brown solid after drying. Then, 14 mg of the resulting solid was dissolved in DMSOd 6 /pyridine-d 5 (4:1) for 2-D NMR studies. Comparing the NMR spectra before and after oxidation shows that secondary benzylic alcohols likely oxidized to corresponding carbonyl groups selectively (Figure 3 ).
General procedure for C-C cleavage of oxidized lignin model compound by hydrogen peroxide in aqueous alkaline media: To a mixture of ketone 3 (0.2 mmol, 66 mg), 2 M NaOH (1 mmol, 0.5 mL), MeOH and THF (0.6 mL each) was added slowly 0.1 mL of 30 % H 2 O 2 (0.88 mmol). The mixture was stirred for 10 h at 50 ˚C. Subsequently, the reaction mixture was acidified with aqueous HCl (0.5 M) to pH 3.0. The resulting mixture was extracted with ethyl acetate (3 × 30 mL), and the organic layers were combined, dried over MgSO 4 , filtered and concentrated under vacuum. The solid residue was analyzed by NMR spectroscopy (CDCl 3 ) and the product yields were determined by comparison to an internal standard (mesitylene).
S10
V. Lignin isolation, and NMR methods: The cellulolytic enzyme lignin (CEL) samples for NMR experiments were prepared as previously described. 17 The CELs (40 mg), containing about 15% residual polysaccharides, were collected directly into the NMR tubes and dissolved using DMSO-d 6 /pyridine-d 5 (4:1). 18 NMR spectra were acquired on a Bruker Biospin (Billerica, MA) Avance 500 MHz spectrometer equipped with a cryogenically cooled 5-mm TCI gradient probe with inverse geometry (proton coils closest to the sample). The central DMSO solvent peak was used as internal reference (δ C 39.5, δ H 2.49 ppm). The 13 C-1 H correlation experiment was an adiabatic HSQC experiment (Bruker standard pulse sequence 'hsqcetgpsisp.2'; phase-sensitive gradient-edited-2D HSQC using adiabatic pulses for inversion and refocusing). 19 HSQC experiments were carried out using the following parameters: acquired from 11 to 0 ppm in F2 ( 1 H) with 1098 data points (acquisition time 100 ms), 210 to 0 ppm in F1 ( 13 C) with 420 increments (F1 acquisition time 8 ms) of 72 scans with a 0.5 s interscan delay; the d 24 delay was set to 0.89 ms (1/8J, J = 145 Hz). The total acquisition time for a sample was 5 h. Processing used typical matched Gaussian apodization (GB = 0.001, LB = -0.3) in F2 and squared cosinebell and one level of linear prediction (32 coefficients) in F1. Volume integration of contours in HSQC plots used Bruker's TopSpin 3.1 (Mac version) software. The lignin after oxidation (40 mg), was subjected to the same NMR experiments using the same conditions and parameters. As described in the manuscript, tentative (in some cases) assignments were made from existing assigned NMR spectra 20 and via compounds in our NMR database. 21 
